The "Frog in Space" (FRIS) experiment marked a major step for Japanese space life science, on the occasion of the first space flight of a Japanese cosmonaut. At the core of FRIS were six Japanese tree frogs, Hyla japonica, flown on Space Station Mir for 8 days in 1990. The behavior of these frogs was observed and recorded under microgravity. The frogs took up a "parachuting" posture when drifting in a free volume on Mir. When perched on surfaces, they typically sat with their heads bent backward. Such a peculiar posture, after long exposure to microgravity, is discussed in light of motion sickness in amphibians. Histological examinations and other studies were made on the specimens upon recovery. Some organs, such as the liver and the vertebra, showed changes as a result of space flight; others were unaffected. Studies that followed FRIS have been conducted to prepare for a second FRIS on the International Space Station. Interspecific diversity in the behavioral reactions of anurans to changes in acceleration is the major focus of these investigations. The ultimate goal of this research is to better understand how organisms have adapted to gravity through their evolution on earth.
Introduction
Since life first appeared on earth, gravity has been a constant selection force. The behavior and development of all organisms consequently has gravity as an indirect, if not direct, determinant. Specific behavioral adaptations to gravity are seen in many species under various situations. Observations of behavior in the absence of gravity and the analysis of adaptive responses to exotic gravitational regimes can provide valuable insight into the evolution, function and regulation of the behaviors of organisms. Access to space makes gravity a controllable experimental parameter (see Stark 1993 , plus Briarty 1989 Asashima and Malacinski 1990; Cogoli 1996; and Guyenne 1990 , for a comprehesive introduction and overview to research in space biology). Often the role that gravity plays in biological processes can be revealed explicitly under microgravity conditions. The Amphibia are a special class of animals in the context of gravitation biology. They were the first vertebrates to become land-dwelling and to resist gravity by supporting their weight on limbs. Furthermore, they live in highly diverse environments. Anuran amphibians (frogs and toads), for example, typically start life as tadpoles in water and become terrestrial, arboreal, or fossorial frogs after metamorphosis. Because air is approximately a 1000 times less dense than water, many adjustments must be made by amphibians when they emerge from the buoyant aqueous environment into various terrestrial habitats.
The most extensive study to date of the behavior of any amphibian in microgravity has been the "Frog in Space" (FRIS) experiment that flew on the Mir Space Station in 1990. Key results of that experiment are reviewed here. As with most science, the FRIS experiment answered some questions, but also raised many new ones. The FRIS experiment revealed much about how amphibians behave in the absence of gravity and inspired a large series of ground-based, follow-on studies, many of which are also reviewed here. Most of these follow-on studies have focused on the possibility of motion sickness in amphibians and on interspecific diversity in gravity-related behaviors, such as the responses of anurans to changes in acceleration.
In light of what has been learned from FRIS and the FRIS follow-on experiments, a second FRIS experiment is now being planned. Hopefully it will be implemented on the International Space Station early in the next decade.
The FRIS Experiment
The FRIS experiment was conducted by the first Japanese cosmonaut flown in space (Akiyama 1991) . The experimental protocol and equipment are described in (FRIS experiment group 1991, and Izumi-Kurotani et al. 1997) , together with a full set of documents prepared for the flight and submitted to the Russian space agency.
Independent of its scientific achievements, FRIS was an unusual space life science experiment in both its origins and execution. The experiment originated as a small student-proposed project (Izumi-Kurotani 1991) to determine if frogs could or would hop in microgravity. That simple question was augmented with a variety of more refined questions formulated by the scientists that guided the research. The FRIS was, and still is, exceptional among basic science research in space in that it was supported privately rather than through government resources (Collins 1991) .
Six adult Japanese tree frogs, Hyla japonica, (2-3 gm each) were the key specimens in the FRIS experiment. The frogs were housed individually in small compartments within a specially designed Life Support Box (LSB) that transported them to orbit. The LSB provided the air, moisture and some room to move (Izumi-Kurotani et al. 1992) . The LSB was launched on a Soyuz spacecraft. During ascent and orbital transfer to Mir, cabin air was circulated through the LSB by a battery operated pump.
On Mir, the frogs were released from the LSB into a translucent glove bag that had a volume of 20 liters. The inside of the glove bag was moistened by a sponge soaked with water. The frogs were visually inspected every morning during the flight to confirm that they were healthy and active. The temperature range on the Mir was from 18-25.5Åé and the air pressure was 768-798 torr.
The frogs were observed extensively on the third day after the launch, once they had some time to recover from the stresses associated with the launch itself. The frogs' postures and behavior were video-recorded at that time by the cosmonauts.
In one experiment, a live meal worm was placed in front of a frog and its responses were recorded. Observations were repeated on the sixth day. At that time, an imitative worm and a willow leaf were also presented to the frogs and their responses recorded.
For recovery, the frogs were transferred into a Frog Recovery Box (FRB) on the last day in Mir (FRIS experiment group 1991). Although sealed, the FRB had the capability to sustain life by an oxygen-generating tablet that react with water.
The behavior of the frogs upon recovered was videotaped within 2 hours of landing and intermittently for the following 12 hrs. Two of the frogs were dissected at 2.5 hrs after landing to analyze the effects of space flight on various organs and tissues. Ground control specimens were subjected to the same procedures and equipment used in orbit.
Results

Behavioral Studies
A total of 1.5 hrs of video recordings were made of the frogs in microgravity and analyzed upon their return. These videofilms provided a detailed record of the behavioral reactions of the frogs to various stimuli and their general postures in orbit . In most scenes, frogs could be individually identified by the colored pattern on their heads and backs. The typical posture of the frogs, when floating in a free volume, was similar to that used by parachuting frogs (Izumi-Kurotani et al. 1997) or sky-diving people. The four limbs were held outstretched and the abdomen was inflated. While floating in this position, the frogs occasionally moved their limbs. When the limbs were moved, they were either flexed and extended in a synchronous and symmetrical fashion, like the leg motion used during the breast stroke (i.e., the classic "frog kick"), or in an asynchronous and asymmetrical fashion, like the alternate gait used during walking by most tetrapods. Reactive maneuvers to stabilizing rotational motion were commonly witnessed, but were not always effective. These involved asymmetrical movements of the hind limbs and occasional scissors kicks.
More than half the frogs bent their heads backward strongly (i.e., hyper-extended the head at the occiput), when they perched on surfaces. While in this hyper-extended posture, the frogs would increase their contact with the surface by holding their hind limbs partially extended and pressing their abdomens against the surface. This strange posture was maintained for many seconds, with little or no other movements. Backward walking, however, was also sometimes observed when the frogs perched in this position.
Frogs spontaneously jumped into the air inside the glove bag, or were induced to detach from the surface by a Fig. 1 Soyuz rocket on its launch pad The Soyuz rocket was brought to the launch pad two days before lift off. The six tree frogs were housed in a Life Support Box placed in the Soyuz crew capsule seven hours before launch (just before propellant was loading into the rocket). The Life Support Box was battery-powered and maintained the frogs from then on until the were released into a glove bag on Mir.
cosmonaut. [Visual stimuli of large moving objects, such as the hand of a cosmonaut, invoked such avoidance behavior.] When the limb of a free-floating frog touched a surface, the frog clearly tried to grasp the surface and take hold. Whenever this grasping failed, the frog bounced back into the free space within the glove bag.
During the first period of extended observation (flight day 3), free floating frogs averaged 2.7 0.3 ( x S.E.)
attempts to grasp the surface before they resecured a purchase on the inside wall of the glove bag. This declined to an average of only 1.4 0.1 attempts over the following three days. We interpreted this change as improved postural control by the frogs in microgravity and indicative of successful adaptation to the microgravity environment. The frogs were provided with live mealworms as food. The video record shows a FRIS frog on Mir trying to catch a live mealworm held in forceps and presented directly to the frog by a cosmonaut. Digested organic material was found in the stomach of the two frogs dissected after landing. The frogs had not been fed for 10 days before the launch and the only opportunity that they had to take a worm was on the Mir. This suggests that the frogs were successful at capturing and ingesting mealworms in orbit. However, actual feeding events were not witnessed by the cosmonauts or recorded on video. The tree frogs in microgravity often walked backward, when perched on surface with their heads hyperextended, as shown in this series of video frames. In this scene, the frog is walking backward on a rubber glove covering a cosmonaut's finger. The interval between each frame is 1 sec.
All six frogs were recovered on the ground alive. The behaviors of these frogs were observed as soon as they were released from the FRB compartments. The flight frogs differed distinctly in behavior and posture from closely matched ground controls exposed to the same procedures and confinement. The speed of locomotion and climbing was slower in the flight group. The flight animals that attempted to jump took a longer time between individual jumps than control frogs. Tree frogs normally retract their hind limbs after each jump, which prepares them for their next leap. However this hind limb retraction was conspicuously delayed in the flight animals.
The response of the frogs to roll and yaw movements in the light was also examined immediately upon landing. The flight animals did not exhibit the same compensatory head movements seen in the controls. These differences between the two groups, however, began to fade after 2.5 hrs (i.e., 30 min after the frogs were released from the FRB into a larger free volume). All posture and movement in the flight animals appeared normal within 12 hours. That constituted a faster rate of postflight recovery in behaviors than has been reported for other amphibians (specifically tadpoles) exposed to microgravity in orbit (Pronych et al. 1996) .
Other FRIS Studies
Although curiosity about behavior initiated the FRIS, advantage was taken of the FRIS experiment to explore the effects of microgravity on other aspects of amphibian biology. Organ and tissues samples were taken from the two flight frogs euthanized upon landing as well as from control specimens. Those samples were then distributed among several research groups for postflight analysis (see FRIS experiment group 1991, and Izumi- Kurotani et al. 1997) . The results from these studies are summarized as follows. Yamazaki et al. (1991) found decreased total protein and DNA in the liver of flight animals compared to the controls. The AstroNewt experiment on IML-2 yielded related findings on the morphology of rough endoplasmic reticulum in hepatic cells of the newt Cynops (Yamashita et al. 1997) . Kashima et al. (1991) analyzed calcium content and the structure of the vertebra in the FRIS specimens via Xray imaging. They documented calcium loss in the skeleton and some pathological changes in the diffuse structure of spongy bone. Suzuki et al. (1993) studied the morphology of the sensory epithelia in the vestibular organ and could not find marked differences between flight specimens and ground controls.
An immunocytochemical survey was undertaken by Feuilloley et al. (1993) to localize atrial natriuretic factor (ANF)-like peptides in heart and brain tissue. They found that the concentration of these important peptides, which control water balance in vertebrates, was altered in the specimens exposed to space flight.
Finally, muscle tissue samples were examined by Ohira et al. (1991) and Okuno et al. (1991) . They found decreased activity of b-adrenoceptors in the gastrocnemius.
Follow-on Studies to FRIS
To understand the possible function and cause of the more unusual behaviors and postures shown by the FRIS specimens on Mir, a series of postflight follow-on studies were undertaken. We were particularly interested in identifying stimuli that could induce similar, if not identical, behavioral responses on the ground. We reasoned that only behavior reactions which could not be induced on earth, could be deemed unique to the space environment. Such space-specific behaviors, if they exist, might be adaptations to long term exposure to weightlessness, or to other physical factors associated with orbital flight (e.g., radiation, high G forces of the launch, etc).
As it turns out, most of the behaviors of the frogs on MIR could be provoked on earth. This gave us insight into the likely stimuli for those behaviors in space. [We realize, however, that any behavioral display may have more than one causal mechanism.]
Another goal of the follow-on studies was to assess whether Hyla japonica's reactions to altered gravity were typical of anurans. Different species can react to the same stimuli in very different ways. Previous comparative studies, involving parabolic flight, have suggested that different species of anurans have quite different reactions to abrupt decreases in gravitational force (Wassersug et al. 1993) . Our rationale for the comparative behavioral studies was to: 1) identify interspecific variation in the reaction of anurans to altered acceleration and 2) ultimately correlate those differences in responses with differences in the underlying stimulus reception and central neural processing among the different species.
The first behavior that we examined was the parachuting/sky-diving posture taken up by the FRIS specimens in the free volume of the glove bag. Very similar behavior was induced in H. japonica exposed to less than 20 seconds of microgravity, during parabolic airplane flight . In fact, H. japonica that were floating free of surfaces took up the same posture in a drop tower that provided less than 2 sec of microgravity (Naitoh et al. 1995) . Thus relatively brief episodes of microgravity are adequate to induce this extended limb posture. The posture can thus be viewed as a reflex reaction to abrupt decreases in gravity rather than as an adaptation to prolonged exposure to weightlessness. Arboreal species, such as H. japonica, occasionally fall or jump down to the ground from elevated perches (Stewart 1985) . In that regard, these animals naturally experience microgravity conditions for brief intervals at the start of descent (before they reach equilibrated terminal velocity). Their parachuting posture is clearly a reaction to perceived unloading from gravity.
The parachuting posture is somewhat similar to the posture of a frog in the middle of a normal jump (when frogs also momentarily experience reduced gravity). During jumping, however, the legs are fully extended behind the frog. In contrast, in the parachuting posture, the legs are more abducted and not fully extended. They are also deflected slightly dorsally and the body is bowed backward. The toes are often separated and the abdomen inflated. In free fall this posture maximizes the animal's cross-sectional (frontal) area and increases pressure drag, slowing the rate of descent. Deflection of the limbs and body dorsally stabilize attitude by shifting the center of drag force behind the center of mass. Small movements of the extended limbs by parachuting frogs can be used to adjust the attitude of the body; i.e., to resist pitch, yaw, and roll (Emerson and Koehl 1990) .
However, frogs in microgravity have also been observed to repetitively scissors kick with their hind limbs (Wassersug et al. 1993 and . Such massive asymmetric limb actions are not efficient for swimming, but are executed by frogs and other tetrapods on earth when they are placed upside down. These asymmetrical limb actions cause the animals to rotate 180 on their rostrocaudal axes; i.e., "righting" responses (which, of course, are ineffective in microgravity) .
The incidence of scissors kicking, as a sign of a righting response, was studied in a variety of anuran species exposed to microgravity on parabolic airplane flight (Wassersug et al. 1993 . In general, arboreal species in microgravity hold the parachuting posture longer and scissors kick less than terrestrial species. An aquatic frog, Xenopus laevis, scissors kicked most often ( both in water and air) during the microgravity phase of parabolic flight.
For terrestrial and aquatic frogs in nature, an abrupt change in the orientation or magnitude of the gravity vector may indicate that they have been passively displaced, possibly by a predator. In that situation, righting themselves would be of highest priority. These frogs often spin wildly in microgravity and rarely stay in contact with surfaces. In contrast, arboreal frogs such as H. japonica, that are in contact with surfaces during parabolic flight tend to stay calm and continue to perch on surfaces in hypo-and hypergravity. Arboreal species that are free of surfaces treat microgravity as "free fall" (which in either parabolic or orbital flight it is). As a reflection of their adaptation to variable accelerations, they respond to free fall by taking a posture that would reduce their rate of descent in a stronger gravitational field.
Hyla japonica in reproductive condition are sufficiently tolerant of altered gravity that they have been observed to maintain amplexus during mutliple cycles of hyper-and hypo-gravity in a drop tower free fall experiment (Naitoh et al. 1995) . We view these frogs as having much natural experience with large and abrupt changes in acceleration as they fall or jump through the three dimensional world in which they live. This tolerance to changes in G is reflected in their behavior under microgravity.
The anatomical bases for these behavioral differences among species may lie at the level of the vestibular receptor or within the central nervous system. In either case, those structural bases for the behavioral differences are still unestablished. Fish have similarly been observed swimming along corkscrew or spiral paths in microgravity and that has also been interpreted as "righting maneuvers" (Stark 1993 , Wassersug et al. 1993 , and Pronych et al. 1996 . It has also been suggested that massive asymmetrical limb movements by frogs in microgravity might be compensatory responses to uneven sensitivity within the right and left otolithic apparatus (see papers reviewed in Pronych et al. 1996) . Unfortunately there are no data correlating righting responses or any other asymmetric behavioral responses by anurans with asymmetries in their vestibular system. The abdomens of the free-floating frogs on Mir seemed more inflated than during parabolic flight, although this was not quantified. In general, the inflation of the abdomen by parachuting frogs may be in anticipation of landing, providing a cushion of air to reduce the rate of deceleration upon impact.
There are certain similarities between the parachuting posture of tree frogs and the posture shown by the FRIS Hyla even while perching on surfaces on Mir. Specifically, the perching frogs showed some extension of their hind limbs and also had inflated abdomens. This posture could be interpreted as a modification of the normal perching posture of tree frogs in the 1G environment of earth, but one that increased the area of contact between the frogs and the surface. However, this exact behavior is not observed by normal tree frogs on earth climbing on low friction surfaces. Frogs on earth, perching on vertical surfaces, require greater frictional forces to maintain their position than those on MIR, yet they do not commonly inflate their abdomen.
The prolonged hyperextension of the head observed on Mir is also not normally seen in tree frogs perching in a 1G environment. In this sense, there is no complete coincidence of the resting posture of the frogs in space with that on earth. As such, the perching posture on Mir appears to be specific to the microgravity environment.
Hyperextension of the neck of tree frogs on earth is observed during emesis and retching. Hyperextension in that situation is thought to increase abdominal pressure and compress the stomach, to aid in ejection of stomach contents. This posture can be easily induced in anurans including H. japonica with emetic drugs (Naitoh et al. 1989 and and raises the possibility that the frogs on Mir may have experienced symptoms of motion sickness.
Walking backward while perched on surfaces was another behavior by the tree frogs on the Mir that is rarely seen on the ground. Many fossorial frog species progress backward into the ground by using alternate side kicks of their hind limbs. But that action is brisk and unlike the hind limb motion of the Hyla on Mir. Some anuran species also walk backward when exposed to sharp angular accelerations in the dark (M. Yamashita, pers. obs.), which may be an avoidance reaction. Frogs given emetic drugs also occasionally move backward, which again could be interpreted as an avoidance response to a noxious stimulus.
The possibility of motion sickness in amphibians was investigated more extensively in parabolic flight with an aircraft that exposed the amphibians to extreme changes in motion, incorporating strong hypo-gravity, hyper-gravity and angular accelerations (Wassersug et al. 1993) . Emesis was inducible, but with a longer latency than one sees in mammals subjected to the same stimulus.
The otolithic layer in the organs used to perceive gravity by anurans were observed by X-ray imaging (Yamashita et al. 1996a) . These organs are well developed in fishes compared to other vertebrates. Among the various species of anurans examined, the transverse area of the otolithic layer was found to be largest in X. laevis, an aquatic frog. The otolithic layer was small in Bufo japonicus compared to Rana species and Hyla japonica.
The final and most extensive follow-on study to arise from the FRIS project has been a comparative examination of the responses of anuran to angular accelerations. Frogs of a variety of species and sizes have been exposed to angular acceleration (i.e., changes in inclination) in yaw (Yamashita et al. 1996b) , roll, and pitch (Yamashita et al. 1996c ) on computer-controlled mobile platforms. For these experiments, the movements of the anurans were observed in the dark so that visual reflexes were not at play.
All the species studied had threshold values for angular acceleration in yaw below which they did not respond, but above which they reacted by moving their heads and bodies in the opposition direction from the motion of the moving platform. Within each species, an allometric relationship was found between threshold value and body size; i.e., the bigger the specimen, the lower the threshold. This is consistent with the fact that the physical dimensions of the semicircular canals of vertebrates determine their sensitivity and the time constant for perception of angular acceleration. If the semicircular canals grow larger as the frogs grow larger, this would result in higher sensitivity to angular accelerations and a lower threshold.
The threshold value for each species tested was normalized to a common body size and the species compared according to their habitat: terrestrial, arboreal, aquatic, or fossorial. The threshold values varied by as much as a factor of four among the species. Arboreal frogs that perch on mobile substrates, such as leaves, tended to have the higher threshold values. Many of these arboreal frogs are cryptically colored, like the leaves on which they sit. However, if they had lower thresholds to minor accelerations, their postural adjustments, in the opposite direction of the substrate on which they sat, would instantly reveal their position to visually oriented predators. It is thus in their vested interest not to respond to minor movements of the surface on which they perch.
Threshold values showed much variation among species that perch on more stable substrates. Some of the terrestrial species live in an essentially two dimensional world and rest on substrates which normally never move. In contrast to the arboreal species, it is in the vested interest of these terrestrial forms to react quickly to any minor accelerations, as those accelerations could indicate a major and immediate threat; e.g., a predator's attack. The threshold data suggest that their vestibular reflexes are, indeed, more sensitive than those of the leaf-dwelling species.
For roll and pitch stimuli, threshold values were seen in inclination speed, but not in the absolute angle, up to 30 inclination. As with yaw, these threshold values also exhibited variation consistent with the mobility/stability of the substrates on which the species normally perched.
Positional control for vertebrates involves sensory inputs not only from the inner ear, but also from the eyes and proprioceptively from skin, joints, tendons, etc. One important goal of space and gravitational biology is to understand how these multiple inputs are coordinated to yield the appropriate behavioral response. In certain runs of the yaw acceleration tests, the frogs were kept in the light, which allowed us to see how visual information interacted with vestibular stimulation. In those experiments, the arboreal frogs that commonly used unstable perches were able to suppressed the yaw-induced head and body movements. Predictably, the frog species that normally reside on more stable substrates showed less suppression with visual cues.
Conclusions
Most of the behaviors and postures of the tree frogs on Mir appear to be interpretable in light of the normal ecology of H. japonica. Some behaviors, however, appear specific to microgravity, at least in terms of either their intensity or duration. The resting posture of the frogs, with the head bent backward, is a case in point. This display is similar to that made by the same frogs when given an emetic drug. However, it was sustained for a longer time in space suggesting that the frog may have suffered some form of space motion sickness.
As shown in the follow-on investigations to FRIS, comparative studies on interspecific variation in behaviors appears to be a powerful tool for examining the role that gravity plays in the living world. A second FRIS is now planned, for implementation on the International Space Station. With that experiment we hope to collect inflight data for a longer time period than in the initial FRIS experiment (> 8 days). Given the great interspecific variation in vestibulomotor responses of anurans revealed by FRIS follow-on studies, it would be particularly interesting to examine other anuran species, besides H. japonica, in microgravity.
